We fabricated a thermostable quinoprotein aldose sugar dehydrogenase (tPQQ-ASD derived from a hyperthermophilic archaeon Pyrobaculum aerophilum) immobilized electrode. The electrode was prepared by immobilizing agarose gel mixed with the enzyme and carbon nanofiber (CNF) on a carbon paste (CP) electrode containing p-benzoquinone (BQ) as an electron mediator. The electrocatalytic response was clearly observed by the addition of D-glucose at the electrode. The electrode properties such as pH, temperature dependency and substrate selectivity basically followed the enzyme properties. The current response against D-glucose increased with measurement temperatures up to 70 C, and response perturbation caused by dissolved oxygen level was not observed at the electrode. As for the results of long-term stability evaluation, the current response was stable for 30 days when the electrode was stored in HEPES buffer solution (pH 7.0) at 4 C.
Introduction
Many soluble quinoproteins have been reported including glucose dehydrogenases (PQQ-GDHs) and aldose sugar dehydrogenases (PQQ-ASDs), which were genetically engineered and isolated from various biological resources. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The main reasons for vigorous research on the characterization and utilization of the enzymes are that they have considerable potential as a useful element for glucose level checkers and biofuel cells. 11, [13] [14] [15] [16] [17] [18] [19] [20] The enzymes are able to catalyze the oxidation of D-glucose, and their reaction is insensitive against oxygen.
Recently, a novel thermophilic PQQ-ASD (tPQQ-ASD) derived from hyperthermophilic archaeon Pyrobaculum aerophilum was reported by Sakuraba et al. 21 The tPQQ-ASD works on a broad range of aldose sugars, and it has high Km values and low Kcat values to the substrates. 21 Additionally, this enzyme shows outstanding thermal stability; activity remained almost at the same level even after incubation at 100 C for 10 min. 21 The tPQQ-ASD is one of the most thermostable enzymes among PQQ-GDHs and PQQ-ASDs, which are reported to show high thermal stability. [8] [9] [10] [11] With respect to the practical use of enzyme sensors and biofuel cells one of the most important factors is the stable immobilization of all components related to the electron transfer process, from the substrates to the electrode. [15] [16] [17] [18] [22] [23] [24] The electrodes with components modified for electrochemical detection of an enzyme reaction are generally called reagentless electrodes; they work by the addition of only the substrates. In fact, Smolander et al. reported a PQQ-aldose dehydrogenase modified carbon paste (CP) electrode for flow-injection analysis of aldose sugars. 25, 26 They succeeded to improve the sensor stability by preventing leaking of the enzyme with a polymer external membrane. However, long-term stability was certified only for one day, and it was insufficient for practical use. The lack of stability may be mainly caused by the rapid loss of enzyme activity. It means not only immobilization conditions but also enzyme stability is a critical factor in controlling electrode performance. 27 Thus, it is expected that the use of the tPQQ-ASD for electrochemical biosensors will improve sensor stability and contribute to the extension of applicable area of the sensors. 28, 29 In this study, we fabricated a mediator-type reagentless electrode by coating a CP electrode including p-benzoquinone (BQ) with agarose gel containing the tPQQ-ASD and carbon nanofiber (CNF). Carbon paste is widely used as an electrode material and able to retain hydrophobic electron mediators such as BQ and vitamin K3 by blending. 30, 31 Agarose is widely known as a thermal-dependent sol-gel material, and it is a stable immobilization matrix for trapping tiny substances such as nucleic acid and proteins. 29, 32, 33 Additionally, many reports have been published on the modification of the surface of the electrodes with nano-materials such as carbon materials and metal nanoparticles. It is said that the modifications contribute to increasing the effective electrode surface area or the amount of enzyme retained. [34] [35] [36] [37] In this work, we used CNF, a cylindrical wire-shaped structure composed of conductive graphite layers. 36 It has high dispersibility in aqueous media, and many active sites enable the efficient electron transfer of electro-active analytes through its surface.
Firstly, we optimized the preparation conditions of the present reagentless electrode. The electrode properties were then characterized with its current response in terms of pH, temperature, and oxygen concentration. In addition, substrate selectivity of the electrode was evaluated by measuring the response to several aldose sugars and disaccharides. In order to verify the long-term stability of the electrode, the current response against D-glucose was monitored for 30 days.
Experimental

Reagents
A supply of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was purchased from Tokyo Chemical Industry Co., Ltd. Supplies of 2-amino-2-hydroxymethyl-1,3-propanediol hydrochloride (Tris), potassium hydroxide, CH3COOH, CH3COONa, CaCl2, 2,6-dichloroindophenol (DCIP), D-glucose, D-fructose, D-galactose and maltose were purchased from Kanto Chemical Co., Inc. Glucose oxidase from Aspergillus niger (GOx) was purchased from Sigma. Pyrroloquinoline quinone (PQQ) was kindly provided by Mitsubishi Gas Chemical Co., Inc. Agarose H was purchased from Wako Pure Chemical Industries. Carbon paste oil base and CNF dispersion liquid (5%(w/w), dispersed in water) were obtained from BAS and JEMCO, respectively. The sugars were dissolved in 0.1 M HEPES buffer solution (pH 8.0) in advance, and they were stored in a refrigerator. All analytical solutions were prepared with ultra-pure water. All chemicals were of analytical grade and used without further purification.
Enzyme reconstitution with PQQ
Apo tPQQ-ASD derived from hyperthermophilic archaeon Pyrobaculum aerophilum was obtained by a protocol reported in a previous paper. 21 The enzyme concentration was determined by Bradford protein assay and adjusted at 1.0 mg ml -1 . The enzyme activity, estimated by UV-Vis spectrophotometry using DCIP as an electron acceptor and D-glucose as a substrate, was 0.77 ± 0.02 units mg -1 at 50 C. 21 The apo tPQQ-ASD requires reconstitution with cofactor PQQ to exhibit the enzymatic activity. For the reconstitution, CaCl2 was added as Ca 2+ source, which works as a binder between the binding site of the enzyme and PQQ. The apo tPQQ-ASD solution was mixed with PQQ and CaCl2 solutions and the concentrations were determined at 0.5 mg ml -1 for tPQQ-ASD, 20 μM for PQQ and 20 mM for CaCl2 after optimization using cyclic voltammetry measurement. HEPES buffer solution (pH 8.0) was used for the solution preparation. The solution of reconstituted tPQQ-ASD was used as the enzyme solution for further experiments.
Preparation of tPQQ-ASD immobilized electrode
The working electrodes were prepared by mixing CP and BQ thoroughly until it became a uniform wet paste. The content of BQ in the mixture was 10% (w/w). The paste was then packed into the cavity of a carbon paste disk electrode (3 mm i.d., BAS Inc.). The surface of the electrode was carefully polished on weighing paper to remove any excess paste from the electrode, and the electrode of this phase was written as a BQ/CP electrode. Meanwhile, HEPES buffer solution (pH 8.0) containing 4.0% (w/v) agarose and 20% (v/v) of the CNF dispersion liquid was heated at around 90 C on a hot plate and stirred until well mixed. The CNF/agarose sol and the tPQQ-ASD solution prepared in the enzyme reconstitution step were mixed in equal volumes. Then, 10 μl of the mixed solution was dropped on the BQ/CP electrode and it was subsequently dried in a fume hood for several hours. The prepared electrode is written as tPQQ-ASD/CNF/agarose immobilized BQ/CP electrode.
Electrochemical measurements
Electrochemical measurements were carried out with a BAS CV-50W electrochemical analyzer (Bioanalytical Systems, Inc). The electrochemical cell was composed of an Ag/AgCl saturated KCl reference electrode, a platinum wire counter electrode, and a prepared CP working electrode. The typical measurement solution was 3.0 ml of HEPES buffer (pH 8.0) containing 0.1 M KCl. The temperature of the solution was controlled by a hot water bath-equipped temperature controller (Type TR-2A, As One Corp.) at 50 C. Cyclic voltammograms (CVs) were recorded at a scan rate of 30 mV s -1 . The current response was obtained as the difference in the current value between the presence and absence of 100 mM substrate at 300 mV vs. Ag/AgCl in the CV measurements. Basically, these experimental conditions were applied to all electrochemical measurements.
Results and Discussion
Optimization of the electrode preparation
A schematic diagram of the electron transfer on the electrode is depicted in Fig. 1 . The typical CVs of tPQQ-ASD/CNF/ agarose immobilized BQ/CP electrode are shown in Fig. 2 . By adding D-glucose, the catalytic oxidation current was confirmed.
Firstly, preparation conditions of the tPQQ-ASD/CNF/agarose immobilized BQ/CP electrode were optimized. It was expected that the concentrations of BQ, agarose and CNF would strongly affect the current response. Through the optimization of BQ concentrations in the CP and CNF in the agarose gel, the current response plateaued at 10% (w/w) and 10% (v/v), respectively; here, the concentration of CNF is described in the percentage of 5% (w/w) CNF dispersion liquid. In the case of agarose, its concentration was examined at 1.0, 1.5, 2.0, and 3.0% (w/v). Current response changed very little between 1.0 to 2.0%, and a slight decrease was observed at 3.0%. The dependency of current response on the agarose concentration was similar to that of D-proline dehydrogenase immobilized electrode using agaose as the immobilization matrix reported by Tani et al. They suggested that the trend arose from incomplete immobilization of the enzymes due to weak gel strength when agarose concentration was low and low permeability of substrates when agarose concentration was high. Thus, we chose 2.0% as the optimum concentration of agarose.
Characterization of the electrode
The effects of the pH, temperature, and oxygen concentration on the electrode response were evaluated from the current response to 100 mM D-glucose in CV measurements. The effect of pH was tested with several buffer solutions with pH of 5.0 to 9.0. The buffer solutions were prepared with 0.1 M acetic acid-sodium acetate (pH 5.0, 6.0), 0.1 M HEPES-KOH (pH 7.0, 8.0), and 0.1 M Tris-HCl (pH 9.0). As for pH dependency, the maximum response was observed at pH 8.0 as shown in Fig. 3A , and the result agree with result of Sakuraba et al. 21 Additionally, the response behavior of Fig. 3A was similar to the results obtained by UV-Vis measurement over the pH range (data not shown). Also, the agarose is stable in the pH range from 4 to 10. 21, 29 Consequently, the response behavior of the electrode against pH reflected the activity of tPQQ-ASD. As such, a pH of 8.0 was chosen as the measurement condition.
The effect of temperature was evaluated by monitoring the current response at temperatures ranging from 25 to 70 C. Figure 3B shows the plots of the current response at a given temperature. From the graph, it can be seen that the response increased with an increase in temperature up to 70 C. Sakuraba et al. 21 reported the optimum temperature of tPQQ-ASD to be above 75 C. Hence, the temperature dependency of the current response agreed with the thermal activity of tPQQ-ASD.
In glucose sensors using GOx as an enzyme, the presence of oxygen will cause a decrease in the response because oxygen works as an electron acceptor of the enzyme. The interference of oxygen on the electrode response was examined by comparing the current response to 100 mM D-glucose in an oxygen-saturated solution with that in a nitrogen-saturated solution. The gas-saturated measurement solutions were prepared by bubbling each gas thoroughly. As a result, significant changes were not observed at the tPQQ-ASD/CNF/agarose immobilized BQ/CP electrode over the oxygen concentration range examined.
The calibration curve for D-glucose (Fig. 4) Table 1 shows sensitivity and detection limits for D-glucose measured with tPQQ-ASD/CNF/agarose and tPQQ-ASD/agarose immobilized BQ/CP electrode at 25 C and 50 C. The electrodes were prepared under the same conditions except for the presence or absence of CNF. The sensitivity was calculated by the slope of the linear range of each calibration curve, and the detection limit was defined as the concentration corresponding to 3-fold the standard deviation of the current response of blank measurements (N = 3). The results of tPQQ-ASD/CNF/agarose immobilized BQ/CP electrode measured at 50 C exhibited the highest sensitivity and the lowest detection limit between the electrodes and temperature conditions. In the CNF modified electrode, sensitivity improved 2-fold compared to the without one, and the degree of variation of the blank value was kept low even after the CNF modification. The responses of the tPQQ-ASD/CNF/agarose immobilized BQ/CP electrode were evaluated with several aldose sugars and a disaccharide, D-glucose, D-galactose, D-fructose, and maltose. The current responses were measured against 100 mM each substrate. The substrate selectivity was represented as the percentage of the current response observed in 100 mM D-glucose to that in the same concentration of the sugars at the electrode. The electrode responded 102% for D-galactose, 6% for D-fructose, and 23% for maltose against the activity to D-glucose. The activity of the electrode reflected the substrate specificity of tPQQ-ASD. 21 To determine the applicability of the electrode to biological samples, the influence of electrochemical interfering substances on the response needed to be verified. Thus, the responses to 100 mM D-glucose were measured in the presence of typical concomitant compounds existing in the biological samples. The concentrations of the compounds were adjusted to the physiological maximum concentration; 0.11 mM for ascorbic acid, 0.24 mM for uric acid, and 0.12 mM for acetaminophen. The effect of the compounds was estimated by comparing the responses with and without them. The data are given in Table 2 . The relative error at the tPQQ-ASD/CNF/agarose immobilized BQ/CP electrode was 14% for ascorbic acid, 10% for uric acid, and 12% for acetaminophen. Compared to the CNF unmodified electrode, the CNF modified electrode suppressed the influence of concomitant compounds. This indicated that CNF functioned as a permselective membrane. CNF has several oxygen-rich groups such as carboxylic acids, alcohols, and ethers on its surface. 36 It is thought that the interference suppression effect of CNF arises from electrostatic repulsion between the functional groups on CNF and the concomitant compounds with a negative charge.
Long-term stability of the electrode response
We evaluated the long-term stability of the tPQQ-ASD/CNF/ agarose immobilized BQ/CP electrode by monitoring the current response against 100 mM D-glucose for 30 days. For comparison, a GOx immobilized electrode was also prepared by immobilizing GOx as a substitute for tPQQ-ASD (hereafter GOx/CNF/agarose immobilized BQ/CP electrode). The assay temperature of the GOx immobilized electrode was 25 C. The electrodes were stored in HEPES buffer (pH 7.0) at 4 C when they were not in use. The long-term stability of the electrodes is described as the current ratio (I/I0). The I0 is the initial current measured on the first day of electrode preparation. As can be seen in Fig. 5 , the current ratio remained above 90% for 30 days with the tPQQ-ASD/CNF/agarose immobilized BQ/CP electrode. However, the current ratio for the GOx immobilized electrode decreased significantly within a few days. By using the tPQQ-ASD as an enzyme, long-term stability of the electrode could be improved significantly.
Conclusions
In this work, we developed and characterized a tPQQ-ASD modified electrode. The proposed electrode was superior in terms of long-term stability. However, this electrode showed inferior selectivity among aldose sugars. The low selectivity would be a disadvantage for monitoring the D-glucose level in biological samples because there are many substrates that react with the tPQQ-ASD. Therefore, this electrode has potential applications for cathodes of biofuel cells using sugars as fuel because long-term stability of current density is a requirement of electrodes for use in biofuel cells. 
